The light reaching the eye from a surface does not indicate the black-gray-white shade of a surface (called lightness) because the effects of illumination level are confounded with the reflectance of the surface. Rotating a gray paper relative to a light source alters its luminance (intensity of light reaching the eye) but the lightness of the paper remains relatively constant. Recent publications have argued, as had Helmholtz (1866 Helmholtz ( /1924 , that the visual system unconsciously estimates the direction and intensity of the light source. We report experiments in which this theory was pitted against an alternative theory according to which illumination level and surface reflectance are disentangled by comparing only those surfaces that are equally illuminated, in other words, by holding illumination level constant. A 3-dimensional scene was created within which the rotation of a target surface would be expected to become darker gray according to the lighting estimation theory, but lighter gray according to the equi-illumination comparison theory, with results clearly favoring the latter. In a further experiment cues held to indicate light source direction (cast shadows, attached shadows, and glossy highlights) were completely eliminated and yet this had no effect on the results.
The remarkable ability of the human visual system to determine the approximate shade of gray of object surfaces regardless of the level of illumination is called lightness constancy. Following the pioneering experimental work of David Katz (1935) , such constancy has most often been measured by comparing one target surface in bright illumination with another target surface in relative shadow, known today as asymmetrical matching. But Katz also studied a more challenging version of the constancy problem. When a flat gray surface is rotated relative to the light source, its luminance changes much more than its lightness. This kind of constancy, first studied by Katz (1935) using what MacLeod (1932) called the method of anomalous orientation, illustrated in Figure 1 , can be called orientation-independent lightness constancy. It is typically weaker than that found in studies comparing targets in lighted and shadowed regions. Katz obtained a Brunswik ratio (Brunswik, 1929) of 36%, equivalent to the log version, called a Thouless ratio (Thouless, 1931) , of 61%.
Recently, teams in several prominent laboratories have reported tests of this type of constancy (Boyaci, Doerschner, & Maloney, 2006; Boyaci, Maloney, & Hersh, 2003; Ripamonti et al., 2004) using stimuli shown in Figure 2 . Like Katz, they found only modest degrees of constancy (perhaps 50%). But, in an implicit nod to Helmholtz (1866 Helmholtz ( /1924 , both teams have proposed that the constancy they found is achieved by an unconscious estimate of the direction and intensity of the light source. These estimates, along with measures of target surface orientation and luminance are then entered into an implicit physical formula to deduce surface lightness.
But the strongest logical argument against the notion of taking light source direction into account concerns the complexity of lighting in the real world. Even if one considers this approach plausible in cases involving only a single light source, lighting is rarely so simple. Look around your environment right now. How many light sources are there? Most scenes contain multiple artificial sources as well as natural light, which, for indoor scenes, often enters through multiple apertures. And this list does not even include the light reflected from every other surface seen by the target surface. Thus, for almost all typical scenes, the computational load seems unreasonable.
However, there is a simple alternative explanation that does not involve taking light source direction into account and (we believe) accords even better with the empirical data. Gilchrist (1977 Gilchrist ( , 1980 reported the first experiments showing that the lightness of a target surface depends strongly on the perceived spatial arrangement of the display, even when the retinal image is held constant. Until this work, lightness was almost universally attributed to the effects of lateral inhibition operating at the level of the retina (Cornsweet, 1970; Jameson & Hurvich, 1964; Wallach, 1948) . Gilchrist (1977) proposed a coplanar ratio principle, according to which "perceived surface lightness depends on ratios between regions perceived to lie next to one another in the same plane " (p. 195) . Looking through a pinhole, the observer saw the scene illustrated in Figure  3 consisting of a dimly illuminated near room containing a doorway into a brightly illuminated far room. False interposition cues were manipulated to make a target square, actually attached to the side of the doorway, appear to be located either in the near plane or the far plane. Seen in the far plane, the target appeared almost black, but seen in the near plane, it appeared almost white. Prevailing theories at that time, tied strictly to the retinal pattern, would have predicted the same target lightness in the two conditions.
In a further test, shown in Figure 4 , the coplanar ratio principle was placed in direct opposition to the retinal theories. A pair of trapezoidal target tabs was attached to the corner of an apparent cube. The (upper) horizontal face of the cube, covered with white paper, was illuminated by bright light, 30 times brighter than that of the (lower) vertical face, which was covered by black paper. The resulting luminance of the horizontal face was 900 times higher than that of the vertical face. The luminance of the two Figure 1 . Katz's method of anomalous illumination. Observers adjusted the gray of one color wheel to match the gray of another wheel positioned at a different slant relative to the window. The screen with two holes was used only to equate the luminance of the two wheels at the outset (from Woodworth, 1938) . Boyaci et al. (2003) . Seven of the 12 objects were colored. Right: Actual scene used by Ripamonti et al. (2004) A target square appeared to be almost white when seen in the near plane (left image) but almost black when seen in the far plane. Black is 2.0 on the Munsell Scale and white is 9.5. This image illustrates the arrangements but does not capture the effect, due to its limited luminance range and unrealistic depth. Reprinted by permission from Gilchrist (2006) . Figure 4 . For monocular observers, each tab appeared coplanar with its background panel, and the upper and lower tabs were seen as approximately black and white, respectively. Separate binocular observers saw the tabs as extending from the cube (as in the actual arrangement shown at left) with the upper and lower tabs seen as approximately white and black respectively. Luminance values are given in cd/M 2 . Reprinted by permission from Gilchrist (2006) . This document is copyrighted by the American Psychological Association or one of its allied publishers.
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DISENTANGLING ILLUMINATION AND SURFACE REFLECTANCE target tabs (10.3 cd/M 2 ) was midway, on a log scale, between that of the two cube faces.
For one group of observers who viewed the display monocularly through a pinhole, each tab appeared coplanar with its retinal background. Those observers saw the upper tab as almost black and the lower tab as almost white. A separate group of observers who viewed the display binocularly perceived the three-dimensional (3D) arrangement veridically. That is, they perceived the spatial arrangement shown in the perspective view of Figure 4 even with the retinal image shown in the observer's view. For them, the upper tab appeared almost white, and the lower tab appeared almost black. This result showed that the coplanar ratio effect is far stronger than any effect of retinal juxtaposition.
These results showed that lightness depends critically on depth perception, and implied that lightness is computed in the brain, not in the retina.
Although these experiments primarily tested between the coplanar ratio hypothesis and the then-current retinotopic models, they provided no support for the Helmholtzian idea that the illumination level is taken into account. In one pilot experiment the display involved only a single surface in each plane (the target), but many cues to the illumination, such as visibility of the light source, and multiple nearby objects with both attached and cast shadows, thought to signal illumination conditions. No effect of depth on lightness was found, consistent with earlier reports of little (Hochberg & Beck, 1954) or no (Epstein, 1961) depth effect under such conditions.
As Rock (1977) observed, these experiments show that the visual system does not need to estimate the illumination level because ". . . regions of differing luminance within a plane represent regions of differing colors" (p. 360). Although the original coplanar ratio hypothesis was couched in all-or-none terms, a relaxed version now appears more appropriate and is implicit in the anchoring theory of lightness (Gilchrist, 2006; Gilchrist et al., 1999) . According to this concept, lightness is maximally constrained by the luminance ratio between adjacent, coplanar surfaces divided by a sharp boundary. That is, the illumination level can be considered equal for such a pair of surfaces. The constraining power of this ratio is held to degrade gracefully as the two surfaces are (a) separated laterally while remaining coplanar, (b) separated in depth while remaining parallel, or (c) separated in orientation while remaining adjacent.
Lightness can thus be treated as a cumulative product of the luminance ratios between the target surface and every other surface in the field of view, each ratio weighted by the belongingness of the other surface to the target, operationalized by the three degradations just noted. Belongingness, in this context, refers to the degree to which two surfaces appear to be receiving equal illumination. In any orientation then, the lightness of a target will be most strongly determined by its relationship to those visible surfaces that are nearby and similar in orientation. As a target surface is rotated relative to the light sources, the role of those surfaces away from which it is rotating will weaken just as the role of other surfaces toward whose orientation it is rotating will strengthen.
We believe this approach offers an essential simplification for the problem of orientation-independent lightness constancy. The luminance ratio between the target and a nearby surface that is coplanar and adjacent captures the combined effects of all the light sources in the environment, regardless of their complexity.
In the studies referenced earlier (Boyaci et al., 2003; Ripamonti et al., 2004) , the relaxed coplanar ratio principle offered here makes the same predictions as the lighting direction estimation theory, which we will call simply the lighting theory. To make this clear, imagine a target of constant luminance attached to the side of the cube in the Boyaci experiment. As the target rotates from its far position, coplanar with the darker right face of the cube, both theories predict that the target will appear to darken. The lighting theory predicts this because the illumination on the target must increase as it moves toward perpendicular to the direction of the light source even though target luminance remains constant. The coplanar theory predicts the same thing because the target moves from coplanarity with the right dark face (relative to which the target luminance is high) toward near-coplanarity with the left brighter face (relative to which target luminance is low).
To tease these apart we set out to create a scene in which the two approaches make opposite predictions. To make the right face brighter than the left face, we illuminated the right side of the cube with bright light from a hidden slide projector. As our target surface was rotated away from the right face, toward the observer, and toward the light source indicated by the cues, the lighting theory predicted that the target, with constant luminance, would appear gradually darker. But the coplanar theory predicted that it would appear gradually lighter, as its reference framework shifted from the brighter right face to the darker left face.
Experiment 1: Illumination Cues Versus Relaxed Coplanar Ratios
We created a stimulus display that was similar to that of Boyaci et al. (2003) except that our display was conducted in a vision tunnel using a real, 3D stimulus, as illustrated in Figures 5 and 6. As in the Boyaci et al. study, the target surface, which could rotate through 90°, was attached to the right side of a larger cube suspended in midair. The general scene illumination came from a This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
light bulb located in the near upper left corner of the chamber. We populated the scene with various objects, some resting on the floor and some suspended in midair and these provided the kind of cues to light source direction suggested by Boyaci et al. (2006) , that is, cast shadows, attached shadows, and specular highlights. In addition, the pronounced luminance gradient across the floor pointed toward the light source direction. We presented the target surface at four orientations ranging from parallel to the cube face to which it was attached (labeled 0°), to perpendicular to that face (labeled 90°), and obtained lightness judgments from observers at each orientation. Two important features of our experiment were essential in creating a head-tohead test: (1) We kept the luminance of the target constant, using methods described below. (2) We gave the right face of the cube an unusually high luminance value using light from a distant projector that struck only that face. The scene as viewed by an observer contained none of the cues to the presence of the distant projector.
Predictions
As the position of our target rotates from 0°to 90°(that is, into the light beam), the lighting theory predicts that the target will appear darker and darker gray while the relaxed coplanar ratio theory predicted that it will appear lighter and lighter. The logic is as follows.
Lighting theory. As the target surface rotates from 0°to 90°t he changing relationship between light source direction and target orientation indicates increasing illumination on the target (as it intercepts more of the light). Given that target luminance remains constant while illumination on it is computed to increase, according to the lighting theory, target lightness must decrease.
Relaxed coplanar ratio theory. In the 0°position, the target will be seen as dark gray because its luminance will be compared to that of its equally illuminated coplanar neighbor, the very bright face of the cube. In the 90°position, however, illumination level on the target will be seen as similar, not to the (orthogonal) bright face of the cube but rather to the dark face of the cube, given that the target and dark face share the same orientation in space. Thus, as the target moves from 0°to 90°, it must appear lighter, according to the coplanarity approach.
Method
Materials. The experimental display was constructed within a vision tunnel (203 cm long ϫ 61 cm wide ϫ 62 cm high), shown in Figure 5 , supported by four legs and divided into a stimulus chamber (137 cm long) at the far end and an observer chamber (66 cm long) at the near end. The observer sat in the observer chamber and viewed the experimental scene binocularly through a horizontal viewing slot (3 ϫ 10 cm) centered in the wall dividing the two chambers. The inside wall of the stimulus chamber was painted matte black and a raised floor (20 cm above the tunnel floor) was covered by matte gray Color-Aid paper (reflectance ϭ 12%; Color-aid Corp, Hudson Falls, NY).
Dihedral corner display. Looking through the slot the observer saw two sides of what appeared to be a large cube suspended in midair directly ahead (7 cm above the gray floor), as shown in Figure 6 . The two visible faces of the cube met to form a dihedral angle pointing toward the observer. Each face was 10.7 cm on a side and covered with matte Color-Aid paper. The left face was black (reflectance 3.1%) and the right face was white (reflectance 90%). These paper faces were mounted on two square aluminum panels that formed a dihedral corner supported by a long aluminum rod that extended 76.8 cm from the center of the far end of the tunnel and was occluded by the stimulus itself.
A matte gray paper target (reflectance 17.6%), approximately square (4 cm on a side), was bonded to a thin aluminum panel attached to the center of the white face of the cube by a hidden hinge. The panel actually extended through a vertical slit, beyond the hinge, into the unseen space behind the white face. This arrangement allowed a pair of threads to be attached to the backside of the target panel. These threads, which were occluded by the cube and target, traveled directly to the back of the apparatus where they were wrapped around an axle. Turning a knob attached to this axle allowed the experimenter to set the target to any orientation between coplanar and perpendicular with respect to the white face.
Illumination. The general illumination was provided by a small 35-W frosted incandescent bulb mounted in the near upper left corner of the stimulus chamber, out of the observer's visual field. A black paper shadow-caster, suspended by a stiff wire and located 14 cm in front of and 5 cm below the bulb, cast a shadow that covered the entire cube, including the target. Thus, no direct light from the bulb illuminated the cube. In addition, two hidden light sources were used. The white face of the cube was illuminated by a Kodak Carousel projector (Rochester NY; Model 600H, with Wiko zoom lens 100 -150 mm, f3.5) mounted far outside the tunnel, 4.05 M from the white face and at the same height as its center. The beam of light was normal to the white face, which it struck by passing through a square aperture (20 cm ϫ 20 cm) in the right wall of the tunnel. The small amount of excess light that bypassed the white face and hit the far left wall of the tunnel was hidden from the observer's view by a black paper baffle attached to the left wall.
When in the coplanar position, of course, the target was illuminated by the same projector that illuminated the white face. When This document is copyrighted by the American Psychological Association or one of its allied publishers.
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DISENTANGLING ILLUMINATION AND SURFACE REFLECTANCE in the perpendicular position, however, the target was illuminated by a second hidden projector (Kodak Ektagraphic, model B2, lens 102 mm, f2.8) used to keep target luminance constant. It was mounted on a stand attached to the left outside wall of the tunnel (65 cm from the target). The beam from this projector, which passed through a second, identical square aperture in the left wall of the tunnel, was parallel to the white face (which it did not illuminate) and thus normal to the target in its perpendicular position. A metal slide containing a square aperture was inserted into the slide projector so that this light illuminated only slightly more than the target. As before, the excess light that struck the right interior tunnel wall was hidden, this time by one of the contextual objects. Illuminating the target by two orthogonal beams of light kept target luminance constant at the coplanar and perpendicular end points, and roughly constant at intermediate slants. Fine-tuning to keep target luminance exactly constant was achieved using a pair of counterrotating neutral density wedges mounted in front of the lens of the left projector. The heatabsorbing lens was removed from each of the projectors to avoid a greenish tinge in the light. For a practical reason, the target could not be exactly square because, if it were, a small piece of the target's shadow (due to the right projector) would be visible on the white face just above or below the target. To guarantee that this shadow was completely obscured by the target itself, the top edge of the target was trimmed very slightly so that its upper right corner was 1.5 mm lower than its upper left corner. Because binocular viewing provided excellent depth perception, the slightly trapezoidal shape of the target did not affect its perceived orientation.
Contextual scene. Numerous simple geometric objects were added to the scene to provide cues to the direction of the general illumination. These objects differed in shape (1 cylinder, 4 spheres, and 4 cubes and cuboids), size, and color (red, white, green, and blue). They were made from different materials (paper, cardboard, wood, and Styrofoam) and varied from matte to glossy. They were randomly distributed in the scene, some on the floor, some in the air, suspended by threads stretched across the width of the tunnel. Thus, four types of cues to illumination direction were present: (1) cast shadows, (2) attached shadows, (3) specular highlights, and (4) a luminance gradient across the floor.
Proximal stimulus. The distance between the viewing slot and the near edge of the cube was 60 cm. The cube thus subtended 10.2°v ertically and 14.3°horizontally. The target subtended 3.5°vertically, 2.6°horizontally in the coplanar and perpendicular positions, and 3.5°h orizontally when midway between (and thus normal to the line of sight). Luminance values were 22.5 cd/m 2 for the target, 138 cd/m 2 for the white face and 0.35 cd/m 2 for the black face. Matching chart. Matching was done using a 16-step Munsell chart, separately illuminated and housed in a metal chamber mounted 45 cm directly below the viewing slot. The luminance of the white chip was 360 cd/m 2 . Procedure. The observer was asked to take a seat in the observer chamber and look into the tunnel through the horizontal slot. Then the observer was given the following instructions:
Do you see the big cube in the middle of the scene? Do you see the square attached to the brighter side of the cube? We would like to know what is the shade of that square. Please pick a chip from the scale below (pointing to chart) that matches the shade of that square.
After making a lightness match the observer was asked from which direction the light in the scene appeared to come, and by which cues this was indicated. Then the observer was asked whether it appeared that there was any additional light source in the scene and, if so, to describe the location and any cues indicating it.
Design. The target was presented in four different orientations: 0°(coplanar to the white face), 22.5°, 45°, and 90°(perpendicular to the white face). Target luminance was constant across orientations. A separate group of 20 naive observers matched the target in each orientation.
Note that we did not conduct an a priori power analysis to determine the sample size in our experiment. Rather, using 15-20 subjects per experimental condition has been a standard for studies in our lab that use matching procedure to measure lightness (e.g., Gilchrist & Radonjić, 2009; Radonjić & Gilchrist, 2013 ). If we assume that effect of change in spatial position on lightness in Experiment 1 yields an effect size as large as 2 ϭ 0.15, which is classified as medium-to-large in Cohen's broad-stroke terms (Cohen, 1988) , then the minimal sample size required to achieve experimental power of 80% for an alpha level of 0.05 is 64, that is, 16 per group (as estimated using G ‫ء‬ power software; Faul, Erdfelder, Lang, & Buchner, 2007), assuming comparison of four different groups of observers in a one-way analysis of variance). The sample size we use was larger (N ϭ 80), suggesting that our design had sufficient experimental power.
Results and Discussion
Average lightness matches for the target at different orientations are shown in Figure 7 . A one-way analysis of variance was conducted to test the change in perceived target lightness across different orientations. As the target moved from perpendicular to This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
coplanar, it appeared significantly darker, F(3, 76) ϭ 6.56; p Ͻ .001, 2 ϭ 0.206, Cohen's f ϭ 0.51, shifting from Munsell 5.6 (1.39 log reflectance), in the perpendicular position, to Munsell 4.7 (1.21 log reflectance) in the coplanar position. Post hoc tests (Tukey's honest significant difference) showed that when the target was coplanar (0°) it appeared significantly darker than in the 45°(p ϭ .001) and perpendicular (90°) orientations (p Ͻ .01), but none of the other differences was significant.
These results are the opposite of what would be predicted if the observer were using cues to estimate the direction of the illumination: if the position of the illuminant were estimated, based on cues available in the scene, as proposed by Boyaci et al. (2006) , the target would be perceived as lighter, not darker, as it moved away from the apparent light source in the near left corner of the vision tunnel. The results are consistent with predictions based on the relaxed coplanar ratio hypothesis that target lightness will be perceived in relation to other surfaces that are facing in the same direction as the target. Therefore, when the target is coplanar with the illuminated white face it appears darker than in the perpendicular position when it is parallel to the shadowed black face. The luminance range in our display was substantially greater than that of the Boyaci display, but it is not clear whether this is essential to our findings.
Approximately 80% of the observers reported that the scene appeared to be illuminated by a single light source and 20% reported two light sources. 71% of all observers reported that the light source was located on the left, 14% that it was on the right, 14% that it was behind or inside the cube itself and 19% that it was coming from different other directions (middle, top, bottom, etc.).
1
Approximately 60% of the observers who perceived the light source on the left reported that their impression was based on cues: shadows, in most cases ("the shadows are on the right") or specular highlights ("you can see the light on the object"), while the others gave comments like "it just seems so." Almost all of the observers who perceived the light source on the right said they gave such a response because the right side of the cube appeared to be "too bright" or "much brighter" than the left side. Those who perceived the "cube" itself to be the source of illumination gave the same explanation. Thus, verbal reports of the observers about the perceived direction of the light confirm that to the majority of the observers the scene appeared as if it were illuminated by one light source that was positioned on the left.
Experiment 2: Articulated Backgrounds Method
According to anchoring theory (Gilchrist et al., 1999) , target lightness is a weighted average of its lightness value when computed within a local framework and within the global framework (whole visual field). Articulation is considered to be one of the main factors that determine the weighting: the greater the number of patches in the local framework, the more weight it will have in the overall lightness computation. Thus, anchoring theory predicts a stronger effect of target orientation on lightness when the sides of the cube are articulated rather than homogenous. (Burzlaff, 1931; Gilchrist & Annan, 2002) .
Experiment 2 was identical to Experiment 1 in all respects except that both the black and white faces of the dihedral corner were covered with a black and white checkerboard pattern, we added a fifth target orientation at 67.5°, and we did not elicit judgments of lighting direction. The checks were 1.4 cm on a side, subtending approximately 1.3°of visual angle. The luminance values on the bright face of the cube (right side) were 127.5 cd/m 2 for the white and 4.5 cd/m 2 for the black checks. Values for the shadowed left side of the cube were 4.2 cd/m 2 for the white and 0.15 cd/m 2 for the black checks. A separate group of 15 observers matched the target lightness in each of the five orientations. If we use the effect size measured in Experiment 1 ( 2 ϭ 0.206) as a rough estimate of the underlying effect of change of spatial position on lightness, then the minimal number of subjects required to achieve experimental power of 80% (for an alpha level of 0.05) in Experiment 2 is 55 (as estimated using G ‫ء‬ power software, assuming comparison of five different groups of observers in a one-way analysis of variance). Our sample size was considerably larger (N ϭ 75).
Results and Discussion
The average lightness matches for the target at different orientations are shown in Figure 8 (dashed line). In this experiment, we obtained the same qualitative results as in Experiment 1, except that the shift in target lightness was even greater. A one-way analysis of variance showed that as the target moved from perpendicular to coplanar, it was perceived as significantly darker, F(4, 70) ϭ 24.68, p Ͻ .001, 2 ϭ 0.585, Cohen's f ϭ 1.19, shifting from Munsell 7.6 (1.71 log reflectances), when perpendicular (90°o rientation) to Munsell 4.8 (1.25 log reflectance) when coplanar with the white face (0°orientation). Post hoc tests (Tukey's honest significant difference) show that the target appeared significantly darker in the 0°, 22°or 45°position compared to the 67°or 90°o rientation (all p Ͻ .001 for all comparisons except 45°vs. 67°w here p ϭ .001). No significant difference in target lightness was found between the 0°, 22.5°, and 45°orientations, nor between the 45°and 90°orientations.
These results replicated those of Experiment 1 and, as the anchoring theory would predict, the size of the effect was significantly larger when two faces of the dihedral corner were articulated than when they were homogenous. The perceived change in target lightness across different orientations was 2.8 Munsell units (0.46 log reflectance) in Experiment 2 compared to 0.9 Munsell steps (0.18 log reflectance) in Experiment 1. According to the light source direction approach, there is no obvious reason why the size of the effect (coplanar lightness vs. perpendicular lightness) should be greater when the cube faces are articulated.
The exaggerated effect of target orientation produced by articulation showed up as a lightening of the target in the perpendicular position, not as a darkening of the target in the coplanar position. This asymmetry is also predicted by the anchoring theory, for the following reason. In the model, articulation is held to change the relative weight of the local and global values for the target. When the target is in the coplanar position, its local and global values are the same because the highest luminance in the local framework (the illuminated right face 1 In reporting the perceived position of the light source, percents add to more than 100 because they are computed in respect of total number of observers, and some observers reported the presence of more than one light source in the scene. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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DISENTANGLING ILLUMINATION AND SURFACE REFLECTANCE of the cube) happens to be also the highest luminance in the global framework. However, when the target is in the perpendicular position, its local framework is the shadowed left face (due to approximate coplanarity), and the highest luminance in that framework is much lower than the global highest luminance. Thus, changing the weight of the local framework affects the final target lightness value when it is aligned with the shadowed face but not when it is aligned with the lighted face.
Experiment 3: Isolated Cube Method
In this experiment, we made a more direct test of the role of the cues to the light source direction by presenting the cube in isolation. Except for removing all of these cues from the observer's visual field, Experiment 3 was identical to Experiment 2 in all respects. A small rectangular tunnel (12.7 cm wide ϫ 7.6 cm high ϫ 17.8 cm long), constructed from matte black paper, open on the near and far ends, was mounted immediately behind the viewing slot so that the observer saw only the dihedral corner, both faces articulated, surrounded by total darkness. The target was presented in the two extreme orientations only: perpendicular (90°) and coplanar (0°).
As in Experiment 2, a separate group of 15 observers matched the target in each orientation. We did not conduct a power analysis prior to Experiment 3 to determine the number of subjects to run per group. Note, however, that, as in Experiment 2, for effect size comparable to the one we found in Experiment 1 (1.39 vs. 1.21 log reflectance), the sample size of 11 observers per group would be sufficient to achieve experimental power of 80% at an alpha level of 0.05 (for one-tailed independent sample t test; as estimated using G ‫ء‬ Power software, assuming the standard deviation of 0.16, which equal to the mean standard deviation across groups measured in Experiment 1).
Results and Discussion
Lightness matches in Experiment 3 are identical to those we measured for corresponding target orientations in Experiment 2. An independent samples t test shows that the target was perceived as significantly darker when coplanar with the white face (5.0 in Munsell, 1.27 log reflectance), than when perpendicular (7.2 Munsell, 1.66 log reflectance), t(28) ϭ 5.56; p Ͻ .001; 2 ϭ 0.524, yielding a total lightness change of 2.2 Munsell units (0.39 log reflectance).
The average lightness matches for the target at the two extreme orientations are shown in Figure 9 , along with corresponding values from Experiment 2. For both the coplanar and perpendicular positions the lightness matches in the two experiments are practically identical, despite the fact that in Experiment 3 we had removed virtually all of the cues to light source direction suggested by Boyaci et al. (2006) . This further calls into question the role of these cues. Had observers been queried, they would no doubt have reported illumination from the right of the cube. But, as noted earlier, without a more precise estimate of light source direction, neither lightening nor darkening can be uniquely predicted.
General Discussion
The results of all three of our experiments undermine, both quantitatively and qualitatively, the proposal that light source direction is unconsciously taken into account and entered into an inference regarding target lightness. A target of a given matte This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
reflectance will have its maximum luminance when its orientation is perpendicular to the direction of the light source. As it rotates away from that direction, its luminance must decrease. But if the target maintains a constant luminance while rotating away from the light source, as in our experiment, it seems inescapable that it must appear to get lighter, according to the lighting direction estimation theory. In fact the target darkened. Moreover, there is nothing obvious in the estimation theory to explain why this darkening should be even greater when the faces of the cube are articulated.
The fact that we obtained the same results in our isolated condition (Experiment 3) as in our full cue conditions (Experiments 1 and 2) further suggests that the cues to light source direction invoked by Boyaci et al. (2006) have no effect on target lightness (though they seem to influence verbal reports of light source direction). Isolating the cube eliminated cast shadows, attached shadows, and specular highlights, as well as a further cue not mentioned by Boyaci et al.: the luminance gradient across the floor.
Our results are quite consistent with a relaxed coplanar ratio hypothesis. This idea was anticipated by the gestaltist Koffka (1935) , who wrote, . . . a field part x is determined in its appearance by its "appurtenance" to other field parts. The more x belongs to the field part y, the more will its whiteness be determined by the gradient xy, and the less it belongs to the part z, the less will its whiteness depend on the gradient xz. (p. 246) According to that view, target lightness is a weighted function of the luminance ratios between the target and other visible comparison surfaces in the scene: The greater the "appurtenance" between target and each comparison surface, the greater the weight of the ratio between them. We propose three kinds of appurtenance (or "belongingness"): (1) lateral proximity for surfaces in the same plane, (2) depth proximity for surfaces that are parallel, and (3) orientation similarity for surfaces that are adjacent. In Experiment 1, the perpendicular target is parallel to the low luminance face of the cube, if somewhat separated in depth. It is retinally adjacent to the high luminance face, but far removed in orientation (in fact orthogonal). Thus, its lightness should be primarily a function of its relationship to the low luminance face. In the coplanar position, the target is strongly bound to the high luminance face, by virtue of retinal adjacency and coplanarity. It is nonadjacent and orthogonal relative to the low luminance face. Thus, its lightness should be primarily a function of its relationship to the high luminance face. At orientations intermediate between these two extremes, its lightness should be similarly intermediate between those endpoint lightness values.
Our results are consistent with these predictions. As the target rotates away from the observer, from the perpendicular to the coplanar position, its lightness shifts in a darkening direction, reflecting the increasing weight of the high luminance face. According to the anchoring theory, the weight of the relationship between the target and the most relevant cube face should further strengthen as the articulation of that cube face is increased. And this is just what we obtained. Furthermore, as noted earlier, it is the value of the target in the perpendicular position that is affected by the articulation, because that target is most closely associated with the low luminance face, and that is the face whose highest luminance is most different from the highest luminance in the global scene.
There is additional empirical evidence for the three kinds of appurtenance described above, although these experiments were conducted for very different reasons. Data from a number of experiments testing proximity between test and inducing surfaces (Cole & Diamond, 1971; Dunn & Leibowitz, 1961; Fry & Alpern, 1953; Leibowitz, Mote, & Thurlow, 1953; McCann & Savoy, 1991; Newson, 1958) is consistent with our interpretation that increasing lateral proximity increases the weight of the lightness value implied by the test surface/inducing surface luminance ratio. Data from Gogel and Mershon (1969) and Coren (1969) are consistent with our claim that increasing the depth proximity between target and contextual surfaces increases the weight of the luminance ratio between them. And finally, data from Wishart, Frisby, and Buckley (1997) is consistent with our claim that increasing the orientation similarity between target and contextual surfaces increases the weight of the luminance ratio between them. Gilchrist (1979) The Boyaci et al. (2003) and Ripamonti et al. (2004) investigators assume that the visual system operates like a physicist. This requires that the target surface be compared with the light source. We suggest rather that the visual system prefers to make comparisons among surface luminance values, not comparisons between surface luminance and light source intensity.
Surface-Based Comparisons

Cues to Lighting Direction
Cues to the direction and intensity of the light source have repeatedly been shown to be ineffective. Gilchrist (1977 Gilchrist ( , 1980 was unable to produce a change in target lightness using such cues, as was Epstein (1961) . Hochberg and Beck (1954) obtained a weak effect but one that is consistent with the relaxed coplanar ratio approach. Likewise, in the Gelb (1929) effect, when a black paper is suspended in midair and illuminated by a spotlight, the black paper appears white, but much darker gray when a real white is brought into the spotlight next to it. It makes no difference whether cues to the lighting are available, such as visibility of the light source or visibility of excess light striking background surfaces.
In addition to our empirical data, the logical case against the high level inferential model seems compelling. That approach might be plausible if a target were illuminated by a single punctate light source. But such conditions are extremely rare. Almost every surface we see is illuminated by many sources, whether a matrix of florescent bulbs in a ceiling or multiple windows in a room. Beyond the multiplicity of light sources per se, we should not forget mutual illumination. Every surface that reflects light functions as a light source, including clouds scattered across the sky. The term light field (Debevec, 1998) implies that a surface receives light from every direction in space. Morganstern, Geisler, and Murray (2001) made measurements with a This document is copyrighted by the American Psychological Association or one of its allied publishers.
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DISENTANGLING ILLUMINATION AND SURFACE REFLECTANCE multidirectional photometer and showed that lighting tends to be very diffuse. Are we really to believe that the visual system somehow takes into account the direction and intensity of each of these sources and weights them appropriately? Consider our much simpler alternative. As noted by Rock (1977, p. 359) , the visual system doesn't really need to know the amount of light illuminating a surface; it only needs to know that that amount is equal to the light illuminating a neighboring surface, particularly when there are many neighboring surfaces. Thus, if two surfaces are coplanar and adjacent, the system can make a strong inference that those surfaces are equally illuminated. The affects of all the multiple light sources with all their directions and intensities, and thus their corresponding weights, are automatically, effortlessly combined in the luminance ratio between the two surfaces. By comparison, the high level inferential view seems computationally overwhelming. It might be more plausible if lightness constancy with respect to orientation were stronger. But in fact, it is quite weak, typically not more than 50% in the data reported by Boyaci et al. (2003) and Ripamonti et al. (2004) . This weakness of constancy seems far more consistent with our rough-and-ready midlevel approach. As Adelson (2000, p 344 ) has noted, the high-level approach is overkill.
Verbal Reports
When questioned, most observers reported illumination from the left side. Of course, we do not assume that verbal reports of the direction of lighting are the same as the direction that is functionally, and perhaps unconsciously, taken into account. But in general, the verbal reports are consistent with the direction indicated by the various shadow and highlight cues, cues that have been invoked in prior reports (Boyaci et al., 2003 (Boyaci et al., , 2006 Ripamonti et al., 2004) as those responsible for computed source direction. While we do find evidence that these cues are correlated with verbal reports of light source direction, we do not find evidence that they are correlated with target matches.
It might be argued that the luminance difference between the two faces of the cube constitutes an additional cue indicating a second light source from the right. Indeed Gilchrist (1980, p. 534) has suggested that a luminance ratio that substantially exceeds the 30:1 ratio possible with pigments, such as the high luminance ratio at the corner of our cube, indicates that an illumination difference must be present. Note, however, that this so-called cue is quite different from those listed by Boyaci et al. (2006) . Cues like cast and attached shadows and glossy highlights specify a particular direction in 3D space. But the corner ratio does not. It is consistent with a 180°range of lighting directions. Some of these directions predict a darkening of the target in our experiments while other directions predict a lightening of the target. In short, the cube itself does not provide information to estimate lighting direction sufficiently for the task.
The experiment by Hochberg and Beck (1954) satisfied the conditions (i.e., cast and attached shadows) offered by Boyaci et al. (2006) for an effect of orientation on lightness but only weakly satisfied the conditions according to the coplanar theory. The fact that they reported only that their subjects got an effect (rather than the size of the effect) suggests that the effect was weak. Gilchrist (1980) reported no effect in a pilot replication of Hochberg and Beck with cast and attached shadows present. Other studies (Rutherford & Brainard, 2002; Sawayama & Kimura, 2012) have also shown lightness to be inconsistent with perceived illumination.
Ultimately the best argument might be that of Occam's razor. The surface comparison account is much simpler than the lighting theory. Rather than using coplanar ratios to estimate light source direction and then using this estimate to compute surface lightness, lightness can simply be computed from coplanar ratios, with no reference to lighting. There is simply no need to estimate either light source direction or intensity. We have recently tested newborn chicks and found them to exhibit lightness constancy with respect to both a change of illumination and a change of background luminance. If chicks can do this without (presumably) making such estimates, why cannot humans?
High-Level, Low-Level, and Mid-Level Theories
In this work, we have focused on the differences between high level and mid level accounts, largely ignoring low level models. But no one should think that our findings are compatible with the many spatial filtering models that represent the modern low level approach (Blakeslee & McCourt, 1999; Geier & Hudák, 2011; Grossberg & Todorović, 1988; Shapiro & Lu, 2011) . Spatial filtering models are driven by the retinal image. In Experiment 2 the target varied by three Munsell steps despite the fact that the retinal image presented by our display with the perpendicular target was virtually identical to our display with the coplanar target. No feature of the spatial filtering models can plausibly signal any difference between those target positions, let alone a difference spanning one third the range from black to white.
To summarize, the data presented here are consistent with a large body of data indicating that high level models of lightness ascribe to the visual system capabilities well in excess of those shown to exist empirically while low level models fail to account for the capabilities shown to exist. Mid level models, such as the relaxed coplanar hypothesis proposed here, account nicely for the modest degree of lightness constancy found with Katz's method of anomalous orientation.
